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Cerium-Catalyzed Hydrosilylation of Acrylates to Give α-Silyl Esters
Abstract
The homoleptic organocerium complex Ce{C(SiHMe2)3}3 (1) reacts with B(C6F5)3 to produce the
zwitterionic bis(alkyl) hydridoborato Ce{C(SiHMe2)3}2HB(C6F5)3 (2). NMR and IR spectroscopy and X-
ray crystallography indicate that each alkyl ligand contains two bridging Ce↼H-Si interactions in both 1 and 2.
Compound 2 serves as a precatalyst for the hydrosilylation of acrylates to give α-silyl esters at room
temperature with a turnover number of 2200.
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Cerium-Catalyzed Hydrosilylation of Acrylates to Give a-Silyl Esters
Aradhana Pindwal, Smita Patnaik, William C. Everett, Arkady Ellern, Theresa L. Windus, and
Aaron D. Sadow*
Abstract: The homoleptic organocerium complex Ce{C-
(SiHMe2)3}3 (1) reacts with B(C6F5)3 to produce the zwitter-
ionic bis(alkyl) hydridoborato Ce{C(SiHMe2)3}2HB(C6F5)3
(2). NMR and IR spectroscopy and X-ray crystallography
indicate that each alkyl ligand contains two bridging Ce(H-Si
interactions in both 1 and 2. Compound 2 serves as a preca-
talyst for the hydrosilylation of acrylates to give a-silyl esters at
room temperature with a turnover number of 2200.
Catalytic hydrosilylation enables synthesis to impact wide
ranging technological applications such as adhesives, elec-
tronics, and medical devices.[1] Conversions that give SiH-
containing products are particularly valuable in many appli-
cations that employ, for example, oxidation or cross-cou-
pling.[2] Late-transition-metal catalysts have been extensively
studied in hydrosilylations,[3] and first row metal-based
catalysts have recently attracted attention.[4] While early-
metal complexes are active for SiH additions to olefins, these
oxophilic systems typically have limited functional-group
tolerance.[5] Carbonyl hydrosilylations catalyzed by reducible
titanocene-based complexes notably overcome this limita-
tion.[6] Alternatively, hypervalent silane intermediates are
proposed in a calcium-catalyzed ketone hydrosilylation,[7] and
a scandium hydridoborate catalyzes CO2 reductive hydro-
silylation.[8]
Hydrosilylation of acrylates may generate mixtures of silyl
ketene acetals, silyl ethers, a- and b-adducts, and polyacry-
lates depending on the catalyst system (Scheme 1).[9] This
selectivity challenge may be addressed by new reaction
pathways and new catalysts. Recently, B(C6F5)3 was discov-
ered to catalyze the addition of tertiary silanes to a,b-
unsaturated esters giving silyl ketene acetals which isomerize
to a-silyl esters through a B(C6F5)3-catalyzed rearrange-
ment.[10] This system is best with substituted esters such as
cinnamates, while acrylate and methacrylate conversions are
not reported. In contrast, we observed that a zwitterionic
magnesium hydridoborate complex produces silyl ketene
acetals in hydrosilylations of methacrylates without subse-
quent rearrangement.[11] The hydridoborate functionality of
this catalyst appeared to be important, and this idea
motivated consideration of other [M]HB(C6F5)3 complexes
in catalytic hydrosilylations. Larger rare-earth centers might
influence the selectivity in these hydrosilylations, and thus
compounds of the type [Ln]HB(C6F5)3 were targeted.
Hydride abstraction, by reaction of b-SiH main-group or
rare-earth alkyl compounds and B(C6F5)3, provides a straight-
forward route to [M]HB(C6F5)3.
[12] We therefore employed
a suitable precursor, Ce{C(SiHMe2)3}3 (1), synthesized by
reaction of CeI3THF4 and 3 equivalents of KC(SiHMe2)3
[Eq. (1)].
The 1H NMR spectrum of 1 (298 K) contained broad
signals at d= 5.0 (9H, SiH) and 1.1 ppm (54H, SiMe) in the
diamagnetic region, whereas a spectrum acquired at 206 K
showed three sharp methyl resonances at d=11.6, 9.3 and
10.6 ppm (18H each). In addition, peaks at d=19.7 (6H)
and 24.5 (3H) ppm were assigned to Ce(H-Si and terminal
SiH groups, respectively. The IR spectrum of 1 contained
bands at 2107 and 1829 cm1, assigned to nSiH of terminal and
bridging groups. Crystallography revealed a trigonal-planar
geometry for the CeC3 core (Figure 1), long Ce–C distances
[2.651(2), 2.659(2), and 2.672(2) ], and short Ce–H and Ce–
Si distances.[13] Trigonal coordination by the carbon centers
contrasts the pyramidal structures and the much shorter Ce–C
distances of Ce{CH(SiMe3)2}3 [2.475(7) ]. The latter tris-
(alkyl)cerium compound and Ce{N(SiMe3)2}3 are notable for
their pyramidal (non-VSEPR) geometries.[14]
Scheme 1. Possible products from acrylate hydrosilylations. Polymeri-
zation (not shown) is also a common pathway with oxophilic early
metal centers.
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Compound 1 and B(C6F5)3 yield the desired zwitterionic
Ce{C(SiHMe2)3}2HB(C6F5)3 (2) and 0.5 equivalents of the
disilacyclobutane [(Me2HSi)2C-SiMe2]2 [Eq. (2)]. Formation
of HB(C6F5)3
 rather than (Me2HSi)3C-B(C6F5)3
 suggests
that the reaction proceeds by an intermolecular b-hydrogen
abstraction.[12]
The 1H NMR spectrum of 2 contained one signal at d=
3.99 ppm, and unlike 1, this peak could not be resolved at low
temperature. A broad signal at d=45 ppm in the 11B NMR
spectrum indicated that the hydridoborate anion coordinated
to the Ce center. Peaks at 2117 and 1795 cm1 in the IR
spectrum of 2 were assigned to the two Si-H groups in
classical and bridging groups, respectively.
A single-crystal X-ray diffraction study of 2 reveals that
two C(SiHMe2)3 groups coordinate to the Ce center in
a fashion similar to that in 1 (Figure 2).[15] The third ligand is
the tridentate HB(C6F5)3. The sum of C-Ce-C and C-Ce-
centroid angles is 3608 (with the centroid defined as the
average position of the H1b, F1, and F6 atoms), thus
suggesting that the three ligands are arranged in a planar
geometry as in 1. The only other structurally characterized
cerium hydridoborate compound reported in the Cambridge
Crystallographic Data Centre is [{1,2,4-tBu3C5H2}2Ce-
(H)BPh3].
[16] The Ce–C, Ce–Si, and Ce–H distances in 2 are
shorter than in 1. For example, the Ce1–C1 and Ce1–C2
distances are 2.582(3) and 2.615(2) , respectively. The Ce–Si
distances (in the Ce(H-Si structures) in 2 are (3.15 0.01) ,
which is 0.05  shorter than the average Ce–Si distance in
1 [(3.20 0.01) ]. Interestingly, the average Ccentral–Si dis-
tance [(1.835 0.003) ] associated with the bridging Ce(H-
Si interactions is shorter than those associated with non-
bridging SiHMe2 groups [(1.855 0.001) ] for both 1 and 2.
Although the b-SiH-containing alkyls in both compounds do
not react to spontaneously eliminate silene, the perturbation
of distances over the whole ligand suggests there are whole-
ligand consequences resulting from the agostic-like structures.
Compound 2 catalyzes the hydrosilylation of acrylates and
methacrylates with secondary silanes to give a-silyl esters
(Table 1). These results contrast the catalytic action of
ToMMgHB(C6F5)3 noted above, as this magnesium hydrido-
borate catalyst provides silyl ketene acetals in additions of
both secondary and tertiary silanes to methacrylates, but not
acrylates.[11] Neither divalent zwitterionic YbC(SiHMe2)3HB-
(C6F5)3
[12a] nor the trivalent neutral 1 provide either hydro-
silylation product under related reaction conditions. To
identify the thermodynamically favored silane product, the
relative energies (DG) of six rotational isomers of the silyl
ketene acetal Me(H)C=C(OSiHPh2)OMe and twelve rota-
tional isomers of the a-silyl ester Me(Ph2HSi)HCCO2Me
were compared by computation, and the latter was found to
be more stable by 9.5 to 12.2 kcalmol1.
The a-silyl ester products were unambiguously character-
ized by NMR and infrared spectroscopy. For example, the
1H NMR spectrum of methyl a-diphenylsilylpropionate con-
tained a doublet at d= 4.94 ppm, which was assigned to an
SiH (3JHH= 3.0 Hz,
1JSiH= 205 Hz). This SiH signal coupled to
a quartet of doublets at d= 2.73 ppm (3JHH= 7.2 Hz), assigned
to an a-methine, which coupled to the doublet at d= 1.35 ppm
representing a methyl group. These signals correlated with the
29Si NMR signal at d=9.33 ppm in a 1H-29Si HMBC
experiment. The 1H NMR spin system and two-dimensional
Hetcor experiment establish the presence of a SiC bond.
Moreover, correlation in a 1H-13C HMBC experiment was
Figure 1. ORTEP diagram of Ce{C(SiHMe2)3}3 (1) plotted at 50%
probability. The H atoms included in the image are bonded to Si and
were objectively located.
Figure 2. ORTEP diagram of Ce{C(SiHMe2)3}2HB(C6F5)3 (2) plotted at
35% probability. The H atoms included in the image are bonded to
either Si or B and were objectively located.
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observed between the carbonyl resonance at d= 175.93 ppm
and the 1H NMR signal of the a-methyl. Finally, a band in the
infrared spectrum at 1725 cm1 was consistent with the nCO of
an ester.
Although the transformation occurs efficiently in chloro-
form, reactions performed in other solvents including ben-
zene, toluene, and methylene chloride also afford a-silyl
esters. In addition, the catalyst is extremely active, thus giving
full conversion of methyl acrylate and PhMeSiH2 with
0.05 mol% 2 within 5 minutes. During these reactions, the
pale yellow reaction mixture turns colorless upon catalyst
deactivation. The timing of this color change, the yield
determined by NMR spectroscopy (from reactions that
deactivate before complete conversion), and the catalyst/
substrate ratio provides turnover number of 2200 and an
estimate of the turnover frequency of 37 s1 (133200 h1).
Because B(C6F5)3 catalyzes the addition of tertiary silanes
to esters[17] and a,b-unsaturated esters to give 1,2-addition and
a-silyl esters, respectively,[10] and small amounts of B(C6F5)3
could be present in the reaction from dissociation of 2,
differentiation of 2 from B(C6F5)3 required study of the
latters catalytic chemistry with secondary silanes. In contrast
to the reactions of tertiary silanes, PhMeSiH2 and methyl
acrylate react in the presence of 1 mol% B(C6F5)3 to give
a complex mixture of unidentified species. Additional evi-
dence distinguishing the chemistry of 2 versus B(C6F5)3
involves the latters proposed two-step pathway for formation
of a-silyl esters by 1,4-addition to give silyl ketene acetals and
subsequent retro-Brook rearrangement. This pathway was
tested for 2-catalyzed hydrosilylation by treatment of the
proposed silyl ketene acetal intermediate Me2C=C-
(OSiPhMeH)OCH2Ph, synthesized by To
MMgHB(C6F5)3-cat-
alyzed hydrosilylation of benzyl methacrylate with phenyl-
methylsilane,[11] with either 2 or B(C6F5)3. However, the a-
silyl ester product Me2(PhMeHSi)CCO2CH2Ph was not
detected in either reaction mixture after even 1 day.
Moreover, Ph2SiH2 and either methyl methacrylate or
trans-4-ethyl bromocinnamate react in the presence of
B(C6F3)3 to give mixtures involving CO cleavage. In
contrast, the apparent hydrogenation products 3,4-dihydro-
trans-4-ethyl bromocinnamate and dihydrocoumarin are
obtained upon addition of either Ph2SiH2 or Et2SiH2 with
the corresponding cinnamate ester or lactone in the presence
of a catalytic amount of 2 (after chromatographic workup of
the silyl ketene acetal). These results indicate that the
catalytic hydrosilylation chemistry of 2 with secondary silanes
is distinct from that of B(C6F5)3 in terms of the identity of the
active species and its mode of action, as well as the nature of
accessible silane and a,b-unsaturated esters reaction partners.
Although the active catalytic species is not observed
under the reaction conditions, alkane byproducts such as
HC(SiHMe2)3 are not detected during the rapid conversions.
From this outcome, we infer that tris(dimethylsilyl) groups
remain bonded to the Ce center during and after catalysis.
The relatively inert nature of the Ce-C(SiHMe2)3 coordina-
tion may be related to the two Ce(H-Si interactions per
ligand found in the precatalyst and its new homoleptic
tris(alkyl) cerium precursor. As noted above, these interac-
tions are characterized by low-energy SiH in IR spectra,
fluxional processes frozen at low temperature in NMR
studies, and distorted structures revealed by X-ray crystallog-
raphy. Remarkably, the observed SiC bond formation is not
impeded by the oxophilic Ce and Si centers in the catalyst and
reductant. Furthermore, the apparent ancillary nature of the
alkyl groups suggest that other ancillary ligands may be
accessible for controlling enantioselectivity in these addition
reactions.
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Table 1: 2-catalyzed hydrosilylation of acrylates and methacrylates.
Silane Acrylate Product[a] Yield [%]
(isolated)
PhMeSiH2 84 (82)
Ph2SiH2
81 (80);
72[b] (72)[c]
Et2SiH2 82 (81)
PhMeSiH2 88 (85)
Ph2SiH2 77 (74)
Et2SiH2 82 (79)
PhMeSiH2 83 (81)
Et2SiH2 78 (77)
PhMeSiH2 89 (88)
[d]
PhMeSiH2 82 (81)
Ph2SiH2 85 (82)
Et2SiH2 84 (81)
[a] Reaction conditions: 1 mol% 2, CHCl3, RT, 10 min. [b] [D6]benzene.
[c] Toluene. [d] 0 8C, 1 h.
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